INTRODUCTION

Background
Earth's evolution reflects the history of heat transfer from the interior [53, 1101 via the fundamental processes of plate tectonics, conduction through continental lithosphere, and hotspot volcanism [103] . As a result, considerable attention has been directed toward understanding Earth's thermal history, the variation in the temperature field in space and tune. The primary directly observable quantity for heat flow is the temperature gradient near the surface, which is in turn used to estimate the flow of heat from the interior and hence draw inferences about the thermal structure and evolution.
The challenge is the classical one of using the measured temperature and temperature gradient at an object's surface to infer the temperature field within the body, T(x,t), a function of position x and time t. Near the earth's surface, the temperature gradient is essentially vertical, so the outward heat flow qs is the product of the vertical gradient of the temperature T(z), which is most everywhere positive downwards (temperature increases with depth z), and the measured or estimated thermal conductivity of the material, k. 
where p is the density, C, is the specific heat, A is the heat generation, and v is the velocity of the moving material [e.g 25, 1081. This equation balances the change in the heat content of a body of material with the heat transferred by conduction, brought in by material motion, and generated within the body. Solution of this equation, and hence deduction of temperature structure from heat flow, is a difficult and nonunique inverse problem. The variation in physical properties with depth is significant but uncertain. The expected solid state convection in the mantle has major thermal effects [e.g. 931. As a result, although some inferences about temperature structure can be drawn based largely on heat flow, considerable additional information is drawn from seismological studies [e.g. 961, laboratory and theoretical studies of the physical properties of earth materials [e.g. 21, and modeling of convection in the earth [e.g. 481.
The measurement of heat flow has thus long been an active research area. The lirst reported heat flow measurements were made in oceanic lithosphere by Revelle and Maxwell [92] and in the continental lithosphere by Benfield [13] and Bullard [23] . The 1966 edition of The Handbook of Physical Constants 1653 listed about 2000 measurements. Since then, the number of heat flow sites included in successive compilations 151, 72, 1021 has increased to about 25,000 listed in the most recent compilation [87] . Typical values of the surface temperature gradient, conductivity, radioactive heat generation, and heat flow for continents and oceans are listed in Table 1 .
Measurements and Techniques
Despite its conceptual simplicity, the process of deducing heat flow from a measured gradient and conductivity values has surprising complexity. Aspects of the problem, including the historical development, are reviewed by various authors: see Louden and Wright [73] for marine studies, Beck [9] and Clauser and Huenges [30] for thermal conductivity, Beck and Balling [ll] for temperatures, and Jessop [50] for both temperatures and thermal conductivity.
The vertical temperature gradient is computed from temperatures measured at known depths below the surface. However, the process of penetrating the surface to measure the temperatures disturbs the thermal structure. For marine measurements, thrusting a probe into the sediments to depths of about 5 m results in frictional heating, which takes from 5 to 30 minutes to dissipate depending mostly on the probe diameter. Prior to 1975 most heat flow values were based on single measurements, which were typically spaced about 200 km apart. Subsequently, digital instrumentation has resulted in both better temperature determinations and the capability to make closely-spaced seafloor ("pogo") penetrations more rapidly than before. Hence, local variations in the heat flux can be better identified and their cause determined. For measurements on land, temperatures are measured in drill holes using down-hole instruments lowered on a cable. For either measurements on land, or in marine boreholes (such as for the DeepSea Drilling Project or the Ocean Drilling Program), calculating the undisturbed temperatures is more complicated. The dril- . In situ determinations are preferred because the sediments have not been disturbed (especially due to water loss) by the coring and transportation. Generally, no attempt is made to measure or correct for the possibility of anisotropic values of conductivity, resulting mainly from the anisotropic structure of minerals and rocks. The anisotropy of near-surface marine sediments is negligibly small. Typically the heat flow is calculated from the product of the average thermal conductivity and the thermal gradient. If there are significant variations of the conductivity and thermal gradient with depth (typicalIy due to variations in Ethology) the heat flow is estimated. The two most commonly used techniques are the interval method and the Bullard method [90] . The interval method can be used if there is a sufficient density of measurements with depth to assign intervals over which the values of the thermal gradient and conductivity are relatively constant. For each interval, a heat flow is calculated from the product of the average temperature gradient and an average conductivity. Then the overall mean heat flow is determined from these interval values. Alternatively, the Bullard method relies on the assumption that in the absence of significant heat sources or sinks and with one-dimensional, steady-state, conductive heat flow, the subsurface temperature T(z) is:
where To is the surface temperature, qo is the constant heat flow, and k is the conductivity over the ith depth interval Azi. For each temperature measurement point, the ther~~~al depth, ~(Azt/'kJ~ GUI be calculated. Then, a least-squares fit is made to the data of T(z) with the thermal depth and the slope of the line is equal to the constant heat flow.
Corrections and Climatic Effects
The goal of measuring heat flow is to determine the steady-state transfer of heat flow from below. However, the simpliest assumptions that the only uncertainties are from measurement error, the site has uniform horizontal properties and is in a thermal steady state with only conductive heat transfer, are often not the case. Average heat flow (Figure 1) is greater than about 100 mW me2 for the youngest (~10 Ma) lithosphere. The mean values rapidly decrease from about 0 to 30 million years. The standard deviations are large for young lithosphere, but decrease with increasing lithospheric age. Although heat flow data is "noisy" and scattered, it is required to develop average thermal models of oceanic lithosphere. The magnitudes of depth and heat flow anomalies (the difference between observed and predicted) implicitly depend on how well the reference model reflects the average thermal state, but this is often not explicitly stated. This is especially important for models based on observed anomalies for hotspots and hydrothetmal circulation.
Thermal Models
The primary wnstraints on models of thermal evolution are ocean depth and heat flow versus age data. The two sets of data jointly reflect the evolution with age of the geotherm in the lithosphere, because the bathymetry depends on the temperature integrated over depth and the heat flow depends on the temperature gradient at the , derived by joint fitting of this heat flow and bathymetry fits the data significantly better than earlier models, including the data from older lithosphere previously treated as anomalous. The improved fits imply that the oceanic lithosphere is thinner and hotter at depth than previously thought. From Stein and Stein [105] . 751, where the lithosphere behaves as a cooling boundary layer until it reaches ages at which the effects of the lower boundary cause the depth and heat flow curves to flatten and vary more slowly with age. The asymptotic plate thickness to which the lithosphere evolves corresponds to the depth at which the additional heat is supplied from below to prevent the continuation of half-space cooling for older ages, and above which temperature changes cause bathymetric variations.
Because of the observed flattening of depths and heat flow for older lithospheric ages, the plate model appears to be a better overall model to describe the data. Two different sets of parameters for the plate model ( [105] (hereafter termed GDHl). GDHl provides a somewhat better fit to the average depth-age and heat flow-age data using a hotter, thinner lithosphere compared to PSM (Figure 1 ). The heat flow predictions for GDHl are conveniently and accurately approximated using a half-space model with the same parameters for young lithosphere, and with the first term of the series solution for older lithosphere [84] . The heat flow q (mW me2 ) is related to the age t (Ma) by q(t) = 510 teu2 for ages less than or equal to 55 Ma and 48 + 96 exp(-O.0278 t) for ages greater than 55 Ma. Table 3 lists the average observed heat flow for the major oceanic basins and predicted heat flow from the GDHl model with lithospheric age.
Hydrothermal Circulation
Regardless of which thermal model is used to represent the heat flow with oceanic age, a significant discrepancy exists between the heat flow measured at the sea floor and the higher values predicted for ages O-70 Ma (Figure 2 ). This is attributed to hydrothermal circulation with advective interchange between pore waters in the crust and sediments and sea water, rather than the conductive cooling assumed in the models [e.g. 68, 811. The first detailed measurements at a ridge crest, the Galapagos Spreading Center [1181, showed the convection pattern with high heat flow associated with upwelhng zones located above topographic basement highs and low heat flow associated with down-flowing water above topographic basement lows, in accord with modeling [e.g. 741. Often at sites with up-flowing water the temperature versus depth profiles are non-linear, concave upward, and at sites with down-flowing water are non-linear, concave downward [6, 191. Subsequent studies indicate that in young lithosphere the high scatter in the values of individual heat flow measurements are presumably related to the variations in sedi- lation to cease are sufficient overlying sediment to seal off the crustal convective system (and hence which no exchange of water between the crust and ocean due to the integrated permeability of the sediment column) and age-dependent properties resulting in decreasing porosity and hence permeability of the crust due to hydrothermal deposition of minerals, which also is assumed to change seismic velocity in the uppermost layer of the crust [5, 471. It was proposed that to reach the sealing age for a given heat flow site either about 150-200 m of
The amount of convective heat transport can be estimated from the difference between the observed and predicted heat flow [119] . Of the predicted global oceanic heat flux of 32 x lo'* W, 11 f 4 x lo'* W or 34 z!-12% occurs by hydrothermal flow [107] . On a global basis -26% of the hydrothermal heat flux occurs for ages less than 1 Ma and -33% occurs for ages greater than 9 Ma (Table 4) . The hydrothermal water flux decreases with age and then is assumed to stop at the sealing age, defined when the observed and predicted heat flow are approximately equal. The fraction of mean observed heat flow to that expected for cooling plate models gradually rises from about .4 for the youngest lithosphere to about 1 in an approximately linear fashion until the sealing age at which it remains 1 thereafter. For the global heat flow data the sealing age is estimated at 65 f 10 Ma ( Figure  2) [1071. Because the sealing age is an average value, some water circulation may persist beyond it [e.g. 73, although the heat transfer is assumed to be primarily conductive. Within the uncertainties there are no differences for the sealing age between the major ocean basins [107] . Some of these depth anomalies may be due to lateral transport of heat for very small ocean basins or those formed with a short axis of spreading (~200 km) [18] . Alternatively, secondary convection associated with back-arc spreading may cause greater seafloor depths.
Accretionary prisms contain accumulations of watersaturated sediment. Initial studies with sparsely spaced measurements suggested that heat flow was lower than average 161, 1161. More recent surveys [e.g. 36, 42, 64, 1221 with densely-spaced measurements indicate that heat flow is highly variable, both within a given prism and for different prisms. Many regions of high heat flow are associated with upward advection of pore fluids, typically found along faults and the bottom decollement. This process is probably a factor controlling the prism's mechanical deformation.
Hot Spots
Hawaii is the type example for hotspot studies, because of its size and isolation from other perturbing processes (including ridges and other hotspots). The observation that heat flow on the Hawaiian swell was higher than that predicted for the Parsons and Sclater Because the oceanic lithosphere is relatively uniform in composition, and little heat is generated within it by radioactivity, oceanic heat flow is essentially a simple function of age described by the cooling plate model. In contrast, continental lithosphere is quite heterogeneous in composition, due to its much longer tectonic history. Moreover, the heat flow depends critically on radioactive heat production in the crust. The two primary effects are thus that continental heat flow is proportional to the surface crustal radioactivity in a given region, and decreases with the time since the last major tectonic event
Radioactive (Crustal) Heat Production
The continental crust contains a relatively high density of radioactive isotopes, primarily those of uranium, thorium, and potassium [109] . Hence, within a region the heat flow depends on (1) radioactivity in the crust, (2) tectonic setting, and (3) heat flux from the mantle below. For a given area, termed a heat-flow province, the measured heat flow q varies linearly with the nearsurface radioactive heat production A, [15, 941. Thus we define heat flow provinces characterized by q, the reduced heat flow, and a slope D, such that the heat flow q=%+DA, (4) (Figure 3) . Initially it was suggested that the D value represents a slab of uniform heat production [94] . However, because differential erosion within the region would invalidate this explanation, the radioactive heat production is often treated as exponentially distributed with depth, z, or
[55]. The reduced heat flow appears to be relatively uni- (Table 5) . The heat flow within a given continent generally decreases with age [99] . The decrease is even clearer when the age used is the time since the last tectonothermal event (Figure 4) . As with oceanic heat flow, continental measurements show a relatively large standard deviation. Local conditions such as variations in radioactive heat production, sedimentation, erosion, topography, water circulation and climate variability add to the uncertainties. One method of attempting to remove the radioactive signal is to consider the reduced heat flux versus age. This parameter rapidly decreases with tectonothetmal ages from 0 and 300 Ma (Figure 4 , top). For older ages (Paleozoic and Pre-Cambrian) the reduced heat flow appears to be a relatively constant, about 25 mW me2 (.6 HIV) [78, 991.
Water Circulation
In contrast to the oceanic lithosphere, in which little is known about water circulation, water circulation in the continental crust has been intensively studied. Most water flow is driven by hydraulic gradients associated with variations in water During extension or rifting of continental lithosphere, additional heat is added to the near surface by both upward advection of heat by magmatic intrusions and volcanism, and overall thinning of the crust. The higher geotherm, subsidence, and typically rapid sedimentation, as the lithosphere cools, facilitates the production of fossil fuels. Regions currently undergoing extension, such as the Basin and Range province in the western U. S. have higher average heat flow [e.g. 58, 773 and reduced heat flow compared to sites with the same average radioactive heat generation (Figures 3 and 4) . High heat flow is also found where Cenozoic rifting has formed passive margins or substantially thinned continental crust prior to the onset of sealloor spreading [e.g. 221. The effect of recent volcanism is apparent when comparing the average heat flow of Cenozoic igneous regions to Cenozoic sedimentary and metamorphic regions. Simple models of the process of lithospheric extension, which may produce a rifted continental margin or sedimentary basin [e.g. 76, 951, suggest that although heat is added to the crust, the additional heat flow will almost completely dissipate within less than 100 m.y. Hence, it is not surprising that heat flow for igneous regions are similar to that for sedimentary and metamorphic regions of Mesozoic or Paleozoic ages (Table 5) [105] and old continental lithosphere assuming a 50 mW mm2 surface heat flow 1861, and a solidus [104] . Radioactive heat production in continental crust results in lower tempemtures at a given depth compared with the oceanic geotherm. Continental geothenn is calculated assuming only conduction, but other modes of heat transfer may be increasingly significant at depths greater than about 70 km B61.
faulting may provide an additional source of heat to the lithosphere, proportional to the product of the velocity of the motion and the fault stress. The lirst such study for the San Andreas fault [21] suggested that the absence of a significant heat flow anomaly implied relatively low stresses (about 100 bars) over long periods of time. More recent heat flow measurements and modeling [58] and recent drilling results for the Cajon Pass site [59] support the initial conclusion.
GEOTHERMS
Continental and oceanic lithosphere are composed of very different materials with different tectonic histories. The lithospheric thickness, which presumably varies as a function of age and tectonic history, can be defined based on different properties [e.g. 521, such as mechanical strength [e.g. 241, seismic velocity [e.g. 801, or thermal behavior. Possible thermal definitions include the region where conduction is the major heat transfer mechanism [e.g. 781, or the region at which temperature are less than some fraction of the expected solidus.
An interesting fact is that the average heat flow for old oceanic lithosphere and the oldest continental lithosphere is approximately the same, about 50 mW mm2 (Tables 3 and 5 ). Whether this approximate equality is a coincidence or reflects a fundamental tectonic fact is an interesting question. The issue is complicated by the challenge of estimating the geotherm given the surface heat flow. The oceanic geotherm within the lithosphere is thought to bc a straightforward calculation from the cooling plate model. The geotherm changes with age until it reaches a steady state, at which time the geotherm is essentially linear with depth, with a slope equal to the surface heat flow divided by the thermal conductivity (Figure 5 ), because the radioactive heat production is small. Beneath the plate a shallow adiabatic gradient, -0.3"C/km, is generally assumed [108] . The continental geotherm, however, depends on the assumed the variation of radioactive heat production with depth. Assuming only conductive heat transfer, steady-state conditions and given two boundary conditions, the surface heat flow qs and a surface temperature T,, the geotherm T(z) is T(z) = T, + $z -gz*.
Hence for a given surface heat flow and temperature, the temperatures at depth will be lower the higher the radioactive heat production. The continental geotherm in Figure 5 [86] assumes a heat production of 2.5 10dwmm3 for the upper 8 km, an order of magnitude less for the lower crust and even less for the mantle below. The resulting geotherm suggests that the thermal thickness of old continental lithosphere exceeds that of old oceanic lithosphere. These relative thicknesses agree with some assessments [e.g. 521 but is opposite the conclusions of Sclater et al. [99, NO] who suggested approximate equality of the geotherms, in part due to their cooler oceanic model. Given the uncertainties in the estimated geotherms, due in large part to the largely unknown variation in both heat production and other physical properties with depth, the question of what the equality of old continental and oceanic heat flow means remains unresolved and possibly even unresolvable.
GLOBAL HEAT LOSS
Prior to the development of plate tectonics, it was thought that the average oceanic heat flow might be lower than that for the continents because the basalt of the oceanic crust has less radioactive isotopes compared to continental material. In fact, the average oceanic heat flow (101 mW mV2) is higher than for continents (65 mW mb2) because of the plate cooling process. Thus oceanic and continental heat flow account for about 70% and 30% respectively of the integrated surface heat flux (Table 6) 
